A digestibility trial involving 20 Hampshire ram lambs and a 2-yr grazing study using 103 mature crossbred cows were conducted to determine the effects of methionine addition to a urea-grain supplement on intake and digestibility of dormant range grasses and on cow performance. In each trial, four treatment groups were supplemented with either a urea-grain control (CON 1, urea-grain plus methio-
Introduction
Nonprotein N supplementation of the diets of ruminants consuming mature forages commonly results in decreased animal performance compared with supplementation with natural protein (Rush and Totusek, 1976; Clanton, 1978) . Although ruminal ammonia has been identified as the primary N source obligatory to microbial cellulolytic activity (Bryant and Robinson, 1961) , in vitro microbial growth rates and cellulose disappearance were optimized when 25% J. Anim. Sci. 1993. 71515-521 of the ruminal N supply was derived from amino acids (Maeng et al., 1976) . These amino acids are typically displaced in protein supplements when urea is substituted for natural protein.
Methionine seems to be one of the amino acids limiting microbial growth and substrate fermentation rates in the rumen (Salter et al., 1979) . Although de novo bacterial synthesis of methionine from sulfate, ammonia, and carbohydrates occurs (McMeniman et al., 19761 , the extent to which this pathway supplies adequate methionine for optimal cellulolytic activity is debatable (Gawthorne and Nader, 1976; Salter et al., 1979; Mathers and Miller, 1980) . Compared with urea alone, methionine addition increased in vitro fermentation rate (Clark and Petersen, 1985) and in vivo apparent DM digestion rate of mature range grasses, thereby resulting in more positive heifer weight changes . Our objectives were to determine the effects of methionine addition to oven-dried at lOO"C, and weighed, species composition of prairie hay was western wheatgrass (Agropyron smithii) 65%, SD = 10; Japanese brome (Bromus japonicus) 33%, SD = 11; and unidentified forage 2%,
The experiment consisted of a 21-d adaptation and intake measurement period followed by two 3-d collection periods for measuring and sampling feed, orts, feces, and urine. Individual orts were weighed and refed each day. Final orts were weighed and sampled at the end of the trial. Total daily fecal collections were weighed, sampled (10% aliquot), composited over each period, and frozen ( -25°C). Urine collection containers were acidified with 100 mL of 30% (volivol) HC1. When individual daily urine output was < 1 L, urine was diluted with glassdistilled water to 1 L to prevent salt precipitation. For each period, 10% aliquots of urine were composited from daily collections and frozen. Feed, final orts, and fecal samples were oven-dried at 60°C until a constant weight was achieved, ground to pass a 1-mm screen in a Wiley mill, and stored. Total N content of hay, supplements, orts, feces, and urine was determined by macro-Kjeldahl procedures (AOAC, 1980) . Feeds, orts, and feces were analyzed by nonsequential procedures for ADF (Goering and Van Soest, 1970) and NDF ( a-amylase procedure of Robertson and Van Soest, 1977) . Supplemental methionine levels were determined on a Beckman 118 BL AA analyzer (Beckman Instruments, Palo Alto, CA) using performic acid and hydrazine reduction procedures (AOAC, 1980) . Supplemental S levels were determined using a Mg(N03) 2 method (AOAC, 1990) .
Effects of supplement treatment on diet digestibility and N utilization were analyzed in a split-plot in time design (Damon and Harvey, 1987) using the GLM procedure of SAS (1985) . Main effects in the whole plot were treatment and lamb within treatment; lamb within treatment was used to test treatment effects. Residual error was used to test for the splitplot effects (period and period x treatment). Dry matter intake was included as a covariate in all models except when DMI, digestible DMI, and N biological value were dependent variables. Treatment differences were determined by orthogonal contrasts that included 1) MET vs SUL, 2 ) CON vs MET and SUL, and 3) SBM vs MET, SUL, and CON. Unless specified, differences among comparisons were considered significant when probability values for both the main effect of treatment and specific contrasts were < .05. cows (yr 1, n = 103; yr 2, n = 68) grazing dormant winter range were allotted randomly within cow age to one of the four supplement treatments used in the digestibility trial. Supplement composition is shown in Table 3 . The grazing period lasted from mid-November until mid-February. At approximately 1000, cows within treatments were group-fed supplements (2.2-cm diameter pellet) designed to provide 360 g of CP per animal daily.
Cows that did not consume supplement on a daily basis were removed from the study before treatments were applied. Cows were bred to Angus and Simmental bulls and calved from mid-March to late April (mean calving date = March 30).
Initial and final cow weights were an average of shrunk weights (overnight feed and water removal) taken on two consecutive days. Cows were fed approximately 10 kg of prairie hay per cow after the first shrunk weight was taken. Two trained technicians assigned condition scores (1 to 9, 1 = extremely emaciated) at the start and at the end of the grazing period. Supplement treatment groups were allotted randomly to one of four pastures. To reduce pasture effect, treatment groups were rotated across these pastures every 2 to 3 wk, and treatment groups occupied each pasture a similar length of time during the grazing period. Pasture size ranged from 78 to 109 ha and grazing pressure across pastures averaged 3.35 ha per cow and 4.7 ha per cow during the 1st and 2nd yr, respectively. Equal amounts of mature prairie hay (6% CP, 70% NDF, and 39% ADF) were fed to each treatment group when snow cover prevented them from grazing. Hay was fed 12 d the 1st yr; no hay was fed the 2nd yr. During late November and late January of the 2nd yr of the grazing trial, 12 cows per treatment were orally administered a controlled-release chromic oxide device (Captec chrome, Captec [NZI LTD, Aukland, New Zealand) 7 d before esophageal and fecal collections began. Release rate of the device had been determined in a previous validation study (Momont, 1990) . Rectal grab samples of feces were collected from 17 cows per treatment at approximately 0900 for five consecutive days. Fecal samples were processed as in the digestibility trial. During both collection periods, four cows with esophageal fistulas were used to obtain forage samples from each pasture on four consecutive days. Collection bags were screened to allow drainage of saliva from the forage sample. Esophageal samples were frozen ( -3O"C), subsampled, lyophilized, and stored. Species composition of esophageal forage samples was determined by microhistological analysis (Terry Foppe, Composition Analysis Laboratory, Range Sci. Dept., Colorado State Univ., Fort Collins). Chemical and species composition of esophageal samples are shown in Table 4 .
In late November and early January, during the 2nd yr of the grazing study, 32 plots (.25 m2) per pasture were estimated and(or) clipped to evaluate forage availability and utilization of the predominant grass species. Clipped samples were sorted by species, oven-dried (lOO"C), and weighed.
Fecal DM, ash, Cr, and alkaline peroxide lignin ( APL) determinations were conducted as described in a previous marker validation study (Momont, 1990) .
Esophageal, feed, and fecal A M concentrations were determined using a modified 2 N HC1 digestion outlined by Van Keulen and Young ( 19 7 7). Fecal AIA concentrations were adjusted for AIA attributable to the supplements.
During the 1st yr of the study, water samples were taken from the well common to pastures located on the east side of the station and from the well common to pastures located on the west side of the station. Sulfate concentrations were 1,620 and 2,050 mg/L for 'SBM = soybean meal, MET = urea plus methionine, SUL = urea plus sodium sulfate, CON = urea bTreatrnent main effect ( P = .06). MET vs SUL ( P < .001). CON VE MET, SUL ( P < .05). SBM vs
control.
MET, SUL, and CON ( P c ,051.
the east and west wells, respectively. Water sulfate concentrations were determined by a turbidimetric procedure (APHA-AWWA-WPCF, 19 7 5). Effects of supplement treatment and period on fecal output, OM digestibility, and OM intake were analyzed using the GLM procedure of SAS (1985) in a split-plot in time design (Damon and Harvey, 1987) . Main effects in the whole plot were treatment and cow within treatment; cow within treatment was used as the error term to test treatment effects. Residual error was used to test for the split-plot effects (period and period x treatment). Effects of supplementation on cow performance were determined in a completely random design with treatment, year, and calving date as independent variables with year x treatment used as the error term to test for treatment differences. Orthogonal contrasts were identical to those described for the digestibility trial.
The research reported in this paper was conducted under conditions outlined by the Guide for the Care and Use of Agricultural Animals in Agricultural Research and Teaching (Consortium, 1988 Green et al. (1989) was not evident in this trial; digestibility of mature prairie hay was similar between MET and SUL. reported that rate of digestion of a mature forage with urea-based supplements was increased with methionine compared with ammonium sulfate, but calculated ruminal digestibilities did not differ between the two treatments. Increases in urea utilization and cellulose digestion with methionine compared with inorganic sulfur sources observed in vitro (Hunt et al., 1954; Gil et al., 1973; Spears et al., 1976) do not seem to increase in vivo DM digestibility.
Although orthogonal contrasts indicated advantages for MET and SUL over CON for N retained and N biological value, significant ( P c .05) main effects
were not detected because of the variability among lambs within treatment. Such advantages in N utilization would be a result of the addition of sulfur, regardless of its form. Methionine and inorganic sulfur sources (Kahlon et al., 1975) have been shown to increase N retention by lambs fed semipurified diets. Typically, forages and grains supply sulfur in the from of sulfur-containing amino acids in an adequate N:S for ruminal microbial protein synthesis. The N:S of the mature grasses in our study was approximately 1O:l. Moir et al. (1967) suggested that optimal N retention by ruminants occurred when N:S was 9 5 1 .
Urea supplements widen the N:S ratio, causing sulfur to limit N utilization. Addition of sulfur to urea-based supplements for ruminants consuming mature forages increased microbial protein synthesis (Elliott and Armstrong, 19821 , N retention, and forage digestibility (McLennan et al., 1989) .
Grazing Trial. Forage availability and utilization of western wheatgrass, Japanese brome, and an unidentified mixture of buffalograss ( Buchloe dactyloides) and blue grama (Bouteloua gracilis) were 481, 183, and 30 kg of DMha and 75, 2, and 2 kg of DMha, respectively. Total forage utilization during the 2nd yr grazing period was 11.3%, indicating that forage availability was not limiting. Alkaline hydrogen peroxide lignin-derived estimates of OM digestibility were > 60%, most likely as a result of positive recoveries of fecal APL (Sanson et al., 1990) . Hence, OM intake and digestibility values reported in Tables   6, 7 , and 8 were determined using AIA as the internal marker.
The supplement treatment x grazing period (late November vs late January) interaction was not significant ( P > .lo) for fecal OM output, OM intake, and digestible OM intake. Daily OM intake and digestible OM intake were greater ( P c .01) in late November than in late January (Table 6) . Fecal OM output, derived from fecal Cr concentrations, by cows in late November and late January did not differ. No differences ( P > , l o > in fecal OM output, OM intake, or digestible OM intake were detected among supplement treatments (Table 7) .
There was a supplement x grazing period interaction ( P < .01) for OM digestibility. Organic matter digestibility, derived from esophageal and fecal AIA concentrations, was greater ( P c: ,011 in late November than in late January (Table 6 ). In late November, forage OM digestibility was greater ( P < .01 for SBM than for supplements containing urea (Table 8) . Organic matter digestibility of dormant winter range was not increased with the addition of methionine or sulfur to a urea-grain-based supplement. In late January, forage OM digestibility for SBM was greater ( P e .01) than for supplements containing urea. Moreover, OM digestibility was greater ( P < .05) for SUL than for MET.
Cows supplemented with MET gained less weight ( P e .OS) than those supplemented with SUL (Table   9 ). Winter weight gains for SBM tended ( P < .lo> to be greater than for MET, SUL, and CON. It is reasonable to assume that this difference was largely a result of the decreased performance by MET cows.
Decreased OM digestibility during late winter resulted in decreased weight gains by cows supplemented with 29 g of methionine per day while grazing dormant winter range. Causes for this decrease in OM digestibility are not obvious. It is unlikely that the level of methionine supplemented in our study inhibited ruminal fermentation because OM digestibility was numerically greater for MET than for SUL or CON in late November. It is possible that feeding 29 g of methionine had a postruminal metabolic effect. Although methionine is rapidly degraded in the rumen (Scheifinger et al., 19761 , intact methionine from the cows supplemented with MET may have passed from the rumen at a greater rate than expected. Urea increases fluid dilution rate and decreases fluid turnover time , which could result in a greater washout of ruminal methionine. Significant quantities of DLmethionine have been shown to escape ruminal degradation within 2 h after feeding (Emery, 1971; Barry and Manley, 1985; Blake et al., 1986) . Sodium bentonite included in the supplements may protect added amino acids from ruminal degradation; however, Fenn and Leng (1989) observed no increase in plasma sulfur amino acid concentrations with addition of bentonite. If methionine escaped the rumen suffi- 
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ciently to affect absorptive pathways in the lining of the small intestine and increase plasma methionine concentrations, then the possibility of an amino acid imbalance exists (Vrubcheva, 1984) . Although the capacity of the liver to metabolize excess methionine is exceeded when plasma methionine is only slightly above physiological levels in ruminants, sheep can convert excess methionine t o cystine in the skin for incorporation into wool (Pisulewski and Buttery, 1985) . In dairy cattle, 43 g of methionine hydroxy analog.anima1-l.d-l decreased DMI (Bouchard and Conrad, 19721 , and 60 g of DLmethionine-animal-ld-l increased milk dimethyl sulfide concentrations (Clark and Salsbury, 1980) . Daniel and Waisman (1969) demonstrated that in rats liver enzyme systems adapted to excess dietary methionine within 5 d. Enzymes involved in taurine formation from methionine decreased in activity, whereas enzymes channeling methionine to pyruvate increased in activity. In our study, the ability of mature, nonlactating cows to use and adapt to increased plasma methionine is questionable, considering the decreased weight gains by cows fed MET. .12 aSBM = soybean meal, MET = urea plus methionine, SUL = urea 'Standard error of the least squares means. 'Scale = 1 to 9 where 1 = extremely emaciated.
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